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D/A) modules are with the computer so ana- 

the signal back to its origi %P~UIQ- common mode signals.  

QIX percent and probably due entirely 

QUgh €811 Of %he 



A l l  four  techniques ( in  

en t s  of polar- 

as concentrations.  Further ,  

provide information on the  

mechanisms of chemic The f a c t  t h a t  

ep the  vol tage i n  both d i rec-  

on, e.g., on r e v e r s i b i l i t y ,  

t o  be gathered. 

F. Conclusions: 

It be d i f f i c u l %  t o  draw meaningful conclusions about 

t h i s  work u n t i l  t he  r e s u l t s  of i s appl ica t ion  t o  fused salt  e l ec t ro -  

u t e r  approach however, has a l ready 

ca t ion  t o  pulse  polarographic ana lys i s  

i n  a q ~ e o u s  media. The output presenta t ion ,  graphic  and espec ia l ly  

p r in t ed ,  is more p rec i se  t h  h a t  normally obtainable .  Fas t  sweep 

experiments have t h e i  

photographed on Polaroid f i lm.  

algorithms t o  produce accurate  ana lys i s  of peaks. 

r e s u l t s  p l o t t e d  on 8% x 11 paper in s t ead  of 

The computer uses  simple mathematical 

It is expected t h a t  

1 J u s t i f y  the  e f f o r t  expended i n  developing 

ochemical system. 
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BRIEF 

Results of applying a computerized pulse polarography system 

eo trace analysis are described. Measurement2 are made at concen- 

trations as low as 4 x 10 

derivative mode pulse polarography on a hang op is developed 

briefly. 

improve the signal-to-noise ratio. 

-8 M Cd*- The theory required to analyze 

Signal averaging and numerical smoothing are used to 



SUMMARY 

Applicat ion of computerized pulse  polarography on a hanging drop 

An approx- t o  ana lys i s  of extremely d i l u t e  so lu t ions  is  demonstrated. 

imate theory is developed which shows t h a t  f o r  r e v e r s i b l e  systems 

func t iona l ly  i d e n t i c a l  behavior can be expected on the  dropping and 

hanging drop mercury e lec t rodes .  A decrease i n  s e n s i t i v i t y  f o r  irre- 

v e r s i b l e  r eac t ions  would be  observed under otherwise i d e n t i c a l  eondi- 

t i ons  with t h e  s t a t i o n a r y  e l ec t rode ,  

Ensemble averaging and d i g i t a l  smoothing are described and t h e i r  

e f f e c t  on signal-to-noise r a t i o  demonstrated. Var ia t ions  of pulse  

he ight ,  pu lse  width and t i m e  between pulses  are b r i e f l y  discussed.  
-8 

Response obtained on 4 x 10 M Cd* s o l u t i o n  ind ica t e s  t h a t  

usable  da t a  can be  obtained a t  t h i s  level while  a p rec i s ion  of 10 

percent  is ind ica ted  on 4 x M Cd** 



INTRODUCTION 

Derivat ive mode pulse  polarography has  been shown t o  be very s e n s i t i v e  

a n a l y t i c a l  technique 1 ’ 2 ’ 3 ’ 4 e  

t i o n a l  advantages may accrue such as increased e l ec t rode  area5 

speed of a n a l y s i s  and ensemble-nveraging6 

uncer ta in ty .  

When performed on a s t a t i o n a r y  e l e c t r  

increased 

undisturbed by drop area 

Computerization of chemical a n a l y s i s  is becoming very popular today, a 

f a c t  occasioned by u t i l i t y  and by ove l ty .  I n  e lectrochemical  a n a l y s i s ,  

s e v e r a l  workers have been engaged i n  demonstrating t h e  u t i l i t y  of an on- 

l i n e  computer system 

con t ro l  t he  experiment, and analyze the  r e s u l t i n g  d a t a ,  maximum use  i s  made 

of t he  advantages of d e r i v a t i v e  pulse  polarography a t  a s t a t i o n a r y  e lec t rode .  

Other c a p a b i l i t i e s  such as convolution of the  cu r ren t  response t o  increase  

the  signal-to-noise r a t i o  and automatic determinat ion of peak pos i t i ons  and 

he ights  by a real-time success ive  approximation technique can be developed 

r ead i ly  on a computer system. 

., By en,ploying a computer t o  take  measurements, 6 $ 8  $ 9  $10 

I n  t h i s  paper t h e  c h a r a c t e r i s t i c s  of a computerized electxochemical 

system are described and demonstrated i n  an app l i ca t ion  t o  pulse  polarography 

a t  a s t a t i o n a r y  e lec t rode .  Some of t he  advantages of the  computer system over 

conventional systems are developed; some f u r t h e r  p o t e n t i a l  advantages a r e  

entioned e 

The r e a l i z a b l e  s e n s i t i v i t y  of the  system as an a h a l y t i c a l  t o o l  seems, a t  

present ,  t o  be l imi ted  by background. Instrumental  a r t i f a c t s  and oxygen 

appear t o  be the  primary con t r ibu to r s .  With the  problems, however, measur- 

ab le  response is obtained with 4 x loo8 M Cd*@ Reducing the  concentrat ion 

of supporting e l e c t r o l y t e  t o  below 10 
-3  

M i s  an important f a c t o r  i n  t h i s  
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achievement. 

tivities as low as 6 x PO-'' M1' have been reported. 

This sensitivity compares with stripping analysis where sensi- 

More no 

e seen with respect to this technique. It does require that the 

species determined be concentrated into another phase, a fact 

its general utility. 

of Q 10 Pi 

entiation13, 

ques, the reader is referred to reference 14. 

Potential sweep voltammetry has a reported sensitivity 

and can be extended by an order of magnitude by analog differ- 

For a discussion of these and otliea. electroanalytical techni- 

-6 12 
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EXPERIMENTAL 

A PDP-8/1 computer ( D i g i t a l  Equipment Corporation) was used €or  a l l  

computing, con t ro l ,  and measurement func t ions  except f o r  t he  use of a 

p o t e n t i o s t a t  and cu r ren t  ampl i f i e r ,  which employed Phibrick-Nexus SP656 

and P65AU opera t iona l  ampl i f i e r s .  

d i g i t a l  system is given i n  t h e  next s ec t ion .  

A more complete desc r ip t ion  of t h e  

A l l  chemicals w e r e  reagent grade and usrd without f u r t h e r  p u r i f i c a t i o n .  

e water w a s  tw ice -d i s t i l l ed ,  t h e  f i r s t  d i s t i l l a t i o n  being from a l k a l i n e  

permanganate so lu t ion .  

A spout less  100 m l  beaker w a s  used as the  electrochemical  ca l l .  A 

commercial cover (Beckman Instruments) w a s  adapted t o  use i n  t h i s  experi-  

Eepurified n i t rogen  w a s  always kept  flowing over o r  through t h e  

so lu t ion .  N o  f r i t s  were used i n  the  apparatus .  

The ind ica t ing  e l ec t rode  w a s  a Brinkmann microburet hanging mercury 

drop e l ec t rode ,  The c a p i l l a r y  w a s  dewetted wi th  dichlorodimethyls i lane 

p r i o r  t o  use  and t h e  end broken o f f .  

The a u x i l i a r y  e l ec t rode  was a platinum w i r e  separated from t h e  s o l u t i o n  

by a pin-hole i n  t h e  end of a p iece  of g l a s s  tubing. 

The re ference  was a Sargent SCE. 

A l l  deaera t ions  w e r e  performed f o r  a t  l e a s t  15 minutes. A g l a s s  

tube with a s m a l l  ho le  i n  t h e  end w a s  used as the  n i t rogen  i n l e t .  
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SYSTEM DESCRIPTION 

The system, Figure 1, c o n s i s t s  of PDP-8/1 computer i n t e r f aced  with a 

real-time clock,  and X-Y p l o t t e r ,  and a p o t e n t i o s t a t  p lus  cu r ren t  fol lower 

system based on ope ra t iona l  ampl i f i e r s .  A l l  opera t ions  are under computer 

cont ro l  e 

The real t i m e  c lock can be set under program con t ro l  t o  t u r n  on a f l a g ,  

a f t e r  t he  passage of from one t o  4096 clock pulses  o r  " t icks" .  

is connected t o  computer s k i p  l i n e  so t h a t  i t  may be in te r roga ted  by an 

1 /0  command. Normally t h e  program uses the  skdp i n s t r u c t i o n  i n  a w a i t  loop. 

The clock can a l s o  be read a t  any: b e .  t o  'determfne- t h e  -ePapsed'- t-e, and i t  

w i l l  provide a computer i n t e r r u p t  when the  f l a g  is  set i f  the  i n t e r r u p t  is 

This  f l a g  

For a m m e  complete desc r ip t ion  of the  clock,  see reference  15. 

Furhher information on the  i n t e r f a c e  is  contained i n  the  article by Lauer 

and Osteryoung . 8 

The p l o t t e r  is  a liewlett-Packard X-Y p l o t t e r  with a d i g i t a l  p l o t t i n g  

accessory.  The two axes are dr iven  by 10-bit  i)/A converters .  Completion 

of t he  p l o t t i n g  of a poin t  is s igna l l ed  t o  the  computer from the  p l o t t e r .  

The electrochemical  c i r c u i t r y  is conventional.  Input t o  the  potent io-  

om a v a r i a b l e  vol tage  source and from a 12-bit  D/A converter  

i n t e r f aced  with t h e  computer. This  converter ,  when properly connected, has 

a r e so lu t ion  of - 5  m i l l i v o l t s  f o r  a two v o l t  scan. It is run with a s i n g l e  

d i g i t a l  bu f fe r  i n t o  which information i s  Input from the computer by a j a m -  

t r a n s f e r  method. This  method of t r a n s f e r  e l imina tes  the  need t o  clear the  

buf fer  before  i t  can r ece ive  an input  and, t he re fo re ,  prevents  spurious 

s i g n a l s  during t r a n s f e r .  Switching t i m e  of t he  converter  is about 3 

pseconds e 
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The current output from the cell is converted to a voltage through 

a current follower, 

e 

The output from this follower is input to a 12-bit A/D 

This  converter has a sample and hold accessory which is acti- 

The aperture time is 150 nanoseconds while the vated by pEQgri3m command, 

track time is 12 pseconds, 

gives a conversion complete signal, 

convers%on complete signal may also produce an interrupt if activated. 

The converter begins conversion on command and 

Conversion time is 35 pseconds. The 
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PROGRAM DESCRIPTION 

A block diagram of t h e  program is  given i n  Figure 2. A desc r ip t ion  of 

the  terms used and c e r t a i n  processes  no t  obvious i n  the  diagram fol lows.  

The experimental  parameters are read i n  a question-answer mode. The 

clock cyc le ,  vo l tage  d i v i s i o n  f a c t o r ,  and cu r ren t  measuring r e s i s t o r  va lues  

allow t i m e ,  vo l tage ,  and cu r ren t  parameters t o  be communfcated i n  engineer- 

ing u n i t s  r a t h e r  than i n  computer i n t e r n a l  representa t ion .  

d iv i s ion  f a c t o r  is  an a t t enua t ion  between the  approp ia te  D/A conver te r  and 

t h e  po ten t io s t a t .  

r ea l i zed  if i ts  f u l l  scale output  of 10 v o l t s  can be u t i l i z e d .  

the  10 v o l t  output i s  divided t o  r e s u l t  i n  a con t ro l  vo l tage  s l i g h t l y  

g rea t e r  than the  des i red  scan range. 

ing the  f a c t  t h a t  t h e  input  t o  the  p o t e n t i o s t a t  is a summing network. Appro- 

pr ia te  choice of summing r e s i s t o r  f o r  t h e  D/A input  r e s u l t s  i n  t h e  des i red  

sca l ing  e 

The vo l t age  

The f u l l  12-bit p rec i s ion  of the  D/A converter  is  only 

Therefore 

This  d i v i s i o n  is  accomplished by u t i l i z -  

There are t h r e e  types of pu lse  polarography t h a t  may be performed. The 

f i r s t ,  designated N ( f o r  normal o r  i n t e g r a l  mode), is  produced by maintaining 

the  p o t e n t i a l  between pulses  a t  a constant  va lue .  

of g r e a t e r  magnitude than t h e  preceding one, and the  cur ren t  response a t  a 

f ixed  t i m e  a f t e r  t he  app l i ca t ion  of a pulse  is p l o t t e d  aga ins t  pu lse  height .  

I n  the  D ( f o r  de r iva t ive )  mode, a l l  pu lses  are of equal  he ight .  However, 

t h e  p o t e n t i a l  b e t  een pulses  is  stepped t o  a greater value a f t e r  each p u l s e .  

The cur ren t  i s  p lo t t ed  aga ins t  the  p o t e n t i a l  p r i o r  t o  app l i ca t ion  of t h e  

pulse .  A t h i r d  mode, Q ,  has been incorporated t o  allow t h e  d i f f e rence  be- 

tween successive p a i r s  of cur ren t  responses output  i n  the  N mo 

p lo t t ed .  

Each successive pulse  is 

This mode is  termed t h e  d i f f e rence  mode, Although the  D and Q 
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modes give func t iona l ly  i d e n t i c a l  behavior when used on r e v e r s i b l e  systems, 

the  f a c t  t h a t  t h e  wai t ing period between pulses  is  spent  a t  d i f f e r e n t  po- 

t e n i t a l s  can produce marked d i f f e rences  i n  behavior f o r  systems wi th  compli- 

ca t ionso  An example might be a system exh ib i t i ng  absropt ion  where desorpt ion 

would be observed a t  some p o t e n t i a l  i n  t h e  I) mode, bu t  s ince  t h e  Q mode would 

always begin each p luse  i n  the  same s ta te  i t  would g ive  no i nd ica t ion  of the  

desorpt ion.  

Only i n  the  d e r i v a t i v e  mode (D) ,  is i t  necessary t o  g ive  the  value of 

the  pulse  height  i n  add i t ion  t o  t h e  o the r  p,-rameters required for a l l  modes. 

Delay t i m e  i s  the  t i m e  between pulses .  

were t o  be used, the  drop would be dislodged a t  the  end of each pulse  p r i o r  

t o  the  dealy t i m e .  For p l o t t i n g ,  p rovis ion  is made t o  input  ho r i zon ta l  and 

v e r t i c a l  t i c k  mark spacings.  

During the  experiment, t h e  cur ren t  is  measured before  and a t  t h e  end of 

Af te r  completion of 

I f  a dropping mercury e l ec t rode  

each pulse  vol tage  which is  appl ied t o  the  e lec t rode .  

the  r e q u i s i t e  number of averaging cyc les  (pulses)  a t  one p o t e n t i a l ,  t he  cal- 

culated po in t  i s  p l o t t e d  and the  appropr ia te  d i g i t a l  r ep resen ta t ion  of t h e  

p o t e n t i a l  is  incremented. 

When the  exper en t  is completed, t h e  s to red  r e s u l t s  may be p r in t ed .  

Also, a d i g i t a l l y  smoothed p l o t  may be obtained. I f  a repea t  is des i r ed ,  i t  

can be made w i t h  a change of t he  p l o t t e r  v e r t i c a l  amplieicat ion f a c t o r  ( a  

program c a l c u l a t i o n ) ,  t he  p l o t t e r  b i a s  ( a l so  programmed), and/or the  number 

of averaging cycles  simply by answering 

For o ther  a l t e r a t i o n s ,  t he  answer must be "N" (No). I n  the  la t ter  case t h e  

computer switches are set t o  i n d i c a t e  t h e  c anges des i red .  The computer w i l l  

IVY" (Yes) t o  the  computer's query. 

sk f o r  only the  parameters se l ec t ed .  
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THEORY 

P u l s e  Polarography 

An approximate theory of d i f f e r e n t i a l  pu lse  polarography is developed 

here  f o r  s t a t i o n a r y  e lec t rodes .  For d e t a i l s ,  see Appendix XI. The re- 

s u l t s  are e s s e n t i a l l y  the  same as those der ived f o r  de r iva t ive  pulse  

polarography a t  a dropping e l ec t rode ,  and t h e  readei: is r e fe r r ed  t o  the  

o r i g i n a l  papers for d e t a i l s  l6 ' l8 ' l9 The approximate model used here  

is the  app l i ca t ion  of a p o t e n t i a l  s t e p  from a reg ion  of no Faradaic reac- 

t i o n  t o  t h e  p o t e n t i a l  of i n t e r e s t  followed a t  a t i m e  T by a pulse  of 

height  AE and dura t ion  t ,  The concentrat ion gradien t  near the  e l ec t rode  is 

assumed t o  be l i n e a r  when nercessasry. This assumption should be good f o r  

For " t o t a l l y  r e v e r s i b l e n f  systems, t he  concentrat ions of r e a c t a n t ,  C r ,  

and product,  Cp ,  a t  t h e  e l ec t rode  su r face  are determined by the  e l ec t rode  

p o t e n t i a l ,  t he  bulk concent ra t ions ,  and the  d i f f u s i o n  c o e f f i c i e n t s ,  D r  and 

Up.  

equations are solved,  t he  concent ra t ion  gradien t  p r i o r  t o  pulse  app l i ca t ion  

They are t i m e  i nva r i an t  a t  any f ixed  p o t e n t i a l .  When the  F ick ' s  l a w  

is found eo be missing from the  expression f o r  A i .  

1 - 8  nFADp 5 CTYO 
A i  = (1) 

( B y e +  6 ) (y0  + 6)  

pendix I f o r  no a t ion .  Note t h a t  t h i s  expression a l s o  does not depend 

+ SAE, where E;1 is the  % 4 
on T and, f u r t h e r ,  t h a t  i d :  is symmetrical about E 

polarographic half-wave p o t e n t i a l .  

as those der ived previously 16918e 

a s t a t i o n a r y  sphexica l  e lectxode y i e l d s  the  s tandard sqhe r i ca l  co r rec t ion  

term f o r  p o t e n t i o s t a t i c  processes 

This  i s  e s s e n t i a l l y  t h e  same expression 

Der iva t ion  of t h e  equivalent  equat ion f o r  

20 
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A'kota l ly  i r r e v e r s i b l e "  process <see Appendix I f )  r e s u l t s  i n  an 

equation containing T. 

(2) 2 k 2 % 8 - % r ~ ( ~ o  - A )  exp (Ao.r )  erfc(ho.r exp(X t )e r fc (X t 

This equat ion becomes i d e n t i c a l  t o  t h a t  ggyen by Barker15 i f  AE is small 

and the  X o ~  terns are c ined with Cge The dependence of T shows t h a t  

f o r  long experiments, i .e.  the  e f f e c t i v e  value of T i s  l a r g e ,  s e n s i t i v i t y  

t o  i r r e v e r s i b l e  r eac t ions  is decreased. - 
Note t h a t  t h e  concentrat ion gradien t  aga in  does no t  appear i n  the  expression.  

However, higher than f i r s t  order  terms would appear i f  included i n  t h e  

der iva t ion .  Their  i nc lus ion  would, however, make t h e  mathematics unduly complex. 

Therefore,  i t  is important when doing ana lys i s  by d e r i v a t i v e  pulse  polaro- 

t o  t r y  t o  have t h e  sought a f t e r  spec ies  i n  a form which d i sp lays  

2 

16 Barker p re sen t s  the  same aigument 

graphy 

reasonable e lectrochemical  r e v e r s i b i l i t y  a t  t i m e s  of t he  order  of the  p u l a e  

width. 

is a decrease i n  the  s e n s i t i v i t y  t o  oxygen so t h a t  i t  w i l l  cause less i n t e r -  

fe rence  than i n ,  s a y ,  normal ( i n t e g r a l  mode) pulse  polarography. 

A s i g n i f i c a n t  co ro l l a ry  t o  t h i s  behavior of i r r e v e r s i b l e  systems 

Signal  AveraginL. 

The theory of 

c ross  c o r r e l a t i o n  

c ros s  c o r r e l a t i o n  is  w e l l  developed7 '21 e Here t h e  

func t ion  is a pe r iod ic  binary sampling func t ion  synchro- 

nized with the  beginning of each pulse .  I n  e f f e c t  t he  r e s u l t  i 

averaging. Theory d i c t a t e s  t h a t  f o r  random noise .  t he  signal-to-noise 

r a t io . tw i l l  increase  as t h e  square r o o t  of the  number of averaging cyc les .  

D i g i t a l  Least Squares Smoothing, 

The method of smoothing employed f o r  t h i s  paper i s  t h a t  given by 

Savitsky and Golay22, The reader  is  r e fe r r ed  t o  t h e i r  paper and re ferences  

f o r  f u r t h e r  d e t a i l s  
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RESULTS AND DISCUSSION 

Pulse polarograms were run on cadmium n i t r a t e  ,n potassium n t r a t e  

supporting e l e c t r o l y t e  with the  computerized pulse  polarography system. 

The concentrat ions of cadmium ranged from 4 x 10 M t o  4 x 

the  corresponding iGllO3 concentrat ions were 0.5 M t o  0.5 mM. 

as a func t ion  of concentrat ion is  given i n  Table I. 

increase  o f  s e n s i t i v i t y  a t  lower concentrat ions 

made with d i s t i l l e d  w a t e r  thus  lowering the  i o n i c  s t r eng th ,  r e s u l t a n t  double 

l aye r  e f f e c t s  o r  migrat ion e f f e c t s  would be  expected t o  be minor. 

l i k e l y  cause of the  l o s s  of l i n e a r i t y  is an instrumental  one produced by in- 

creasing s o l u t i o n  and cur ren t  measuring r e s i s t a n c e s .  With increas ing  uncom- 

pensated r e s i s t a n c e ,  t he  p o t e n t i o s t a t  does not  con t ro l  u n t i l  s e v e r a l  m i l l i -  

seconds a f t e r  t he  pulse  is appl ied.  

a t  a l l  except the  lowest concent ra t ion  where extreme care  must be taken t o  

e l imina te  oxygen, Figure 3 shows t h e  response of t h e  system t o  t h e  lowest 

concentrat ion s tud ied ,  4 x 10 

measurable peak is  apparent.  

peak is observed, 

e r ized  p u l s e  polarography of cadmium should be s u b s t a n t i a l l y  less than 

This is  b e t t e r  than has  been previously reported f o r  pu lse  poahrography. 

-5 M while  

Peak he ight  

l h e r e  is an apparent 

While the  d i l u t i o n s  were 

The more 

The peak he igh t s  are r e a d i l y  reproducible  

Cd* i n  0.5 x M KNO3. A r e a d i l y  

A t  h igher  concentrat ions a l a rge ,  well-formed 

-8 

With proper precaut ions t h e  de t ec t ion  l i m i t  f o r  comput- 

M. 

The r ep roduc ib i l i t y  of t h e  system descr ibed i n  t h i s  paper is  demonstrated 

The l a r g e s t  by a series of r e p l i c a t e  runs.  

value w a s  taken as the  peak, while the  minimum value  preceding t h e  peak w a s  

taken as the  base l i n e .  FOUK runs a t  4 x 

of 1.5% while  t e n  a t  4 x 10-7M Cd* ha  

Data w a s  output  on the  telesjrpe. 

Ef Cd* had a s tandard dev ia t ion  

a s tandard dev,ation of 10%. 
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The drop area w a s  reproducible  t o  only about U accounting f o r  ?most of the  

e r r o r  i n  t h e  f i r s t  series. 

a magnitude of roughly one-half of t h e  peak and w a s  no t  necessa r i ly  add i t ive ,  

i t  is l i k e l y  t h a t  t h i s  is the  predominant source of e r r o r .  

width than the  20 mi l l i seconds  employed p lus  b e t t e r  e l e c t r o n i c  c i r c u i t r y  

should be s u f f i c i e n t  t o  reduce t h e  e r r o r  considerably.  Better oxygen 

scrubbing techniques are a l s o  ind ica ted .  

Since the  background i n  t h e  second s e r i e s  had 

A longer  p u l s e  

E f fo r t  d i r ec t ed  towards opt imizat ion of exper,mental parameters has been 

Because the re  are new f a c t o r s  p re sen t  i n  the  hanging drop r e ~ o r t e d ~ ' ~ ~ ~  

method and because of t h e  improtance of opt imizat ion t o  achieving maximum 

s e n s i t i v i t y ,  c e r t a i n  of t hese  parameters have been inves t iga t ed  here .  The 

parameters assoc ia ted  with the  vol tage  wave form are shown i n  Figure 4. 

Calculat ions w e r e  made on the  t h e o r e t i c a l  response f o r  v a r i a t i o n s  of pu lse  

height .  There can be no gene ra l  opt imal  va lue  s i n c e  one ind iv idua l  may be 

concerned wi th  peak separa t ion ,  while another  may d e s i r e  only a maximum 

height  t o  half-width r a t i o .  

a l ready  been discussed elsewhere . 
provide g r e a t e r  s epa ra t ion  at t h e  expense of s e n s i t i v i t y .  

'The e f f e c t  of pu lse  he ight  on separa t ion  has 

4 The r e s u l t  i s  t h a t  smaller phase he igh t s  

Since l a r g e  pulse  he ight  w i l l  r e s u l t  i n  t he  peak approaching a maximum 

height while  con t inua l ly  broadening and small pulses  cause cont inua l ly  

diminishing peak height  b u t  a cons tan t ,  minimum peak width,  i t  would seem 

t h a t  some intermediate  pu l se  he ight  should be optimal.  An a r b i t r a r y  measure 

of the  opt imal  va lue  is t h e  r a t i o  of peak height  t o  the  half-peak width. 

Hand ca l cu la t ions  show t h a t  t h i s  quant i ty  i s  a maximum when nFAE/RT = 2.1  or 

AE = 63 m i l l i v o l t s  fo r  a two e l ec t ron  process  a t  25OC. However, equal ly  

s i g n i f i c a n t  is the  f a c t  t h a t  t h e  range of pu lse  he igh t s  allowed i f  a t e n  

percent v a r i a t i o n  of t he  above r a t i o  is permitted is 180/n m i l l i v o l t s  t o  
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84/11 m i l l i v o l t s  a t  25OC. 

height  f o r  any given experiment w i l l  be  determined by o the r  f a c t o r s .  

is  e spec ia l ly  t r u e  i f  two spec ies  undergoing reduct ions  requi r ing  d i f f e r e n t  

numbers of e l ec t rons  are being s tudied  simultaneously o r  i f  peak sepa ra t ion  

i s  a problem. 

It is the re fo re  q u i t e  l i k e l y  t h a t  the pulse  

This 

The a c t u a l  r e s u l t s  of v a r i a t i o n  of pu lse  height  are shown i n  Figure 5. 

The 60 mv curve appears t o  be the  b e s t  one. 

l a r g e  pulse  he igh t s  i s  l i k e l y  due t o  i n s u f f i c i e n t  delay t i m e s  between pulses .  

The asymmetry observed a t  

se he igh t s  of 100 m v  and g r e a t e r ,  the  t r a i l i n g  edge of t he  peak moves 

cathodic.  However, i f  t h e r e  are no nearby i n t e r f e r i n g  ions ,  then high sen- 

s i t i v i t y  can be achieved by using r e l a t i v e l y  l a r g e  pulse  he ights .  

For maximum response.  t he  pulse  width should be  a minimum,although 

i f  too s h o r t  double l a y e r  r e l axa t ion  w i l l  make a s i g n i f i c a n t  con t r ibu t ion  

and l i m i t  t he  s e n s i t i v i t y .  The e f f e c t  of pu lse  widths of 10 ,  20, and 50 

mil l iseconds is  displayed i n  f i g u r e  5. 

width i n  each case. The he igh t s  obey the  t 

b e t t e r  than f i v e  percent .  Other experiments show that i f  t h e  pulse  width is  

g r e a t e r  than .1 seconds,  p o s i t i v e  dev ia t ions  are observed. These devia t ions  

are r e a d i l y  explained by convection and s p h e r i c a l  e f f e c t s .  Much more s ign i -  

f i c a n t  is  t h e  e f f e c t  on the  background. 

l e v e l  observed i n  Figure 6 is  probably due t o  instrumental  l i m i t a t i o n s .  

i t i v e  feedback might be capable of reducing t h i s  e f f e c t  thus  allowing the  

instrument t o  achieve s t i l l  g r e a t e r  s e n s i t i v i t y .  

The delay t i m e  is  t e n  t i m e s  t he  pulse  
+ ' 

l a w  pred ic ted  by theory t o  

The extreme change i n  t h e  background 

Pos- 

The delay t i m e  between pulses  a l lows f o r  t h e  r e l axa t ion  of t h e  d i s t u r -  

bance. If  the  de lay  is too s h o r t ,  then the  s i g n a l  becomes noisy and sens i -  

t i v i t y  is  decreased. Long de lays  inc rease  measurement t i m e .  Therefore t h e  
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4elay must be a compromise between these  e f f e c t s .  

pulses  used i n  most of t h e  work a delay of t en  t i m e s  the  pulse  width w a s  

found t o  be sat s f ac to ry ,  

second de lays  when the  pulse  i d t h  is 10 mil l iseconds.  A s l i g h t  s ens i t i -  

v i t y  improvement is observed with the  200 mil l isecond delay. 

For the  50 m i l l i v o l t  

Figure 7 shows the  e f f e c t  of 100 and 200 m i l l i -  

One of t h e  primary advantages 05 a computerized experimental  system is 

the  a c q u i s i t i o n  and s to rage  of d a t a  i n  d i g i t a l  f o m .  

operated upon during o r  a f t e r  t he  experiment t o  improve t h e  q u a l i t y  of ex- 

perimental  r e s u l t s .  

are employed. 

same p o t e n t i a l  r e p e t i t i v e l y ,  and the  d a t a  are smoothed by a least squares  

procedure a f t e r  t h e  experiment, 

f i r s t  has t h e  e f f e c t  of increas ing  t h e  signal-to-noise r a t i o  as the  square root  

of t he  number of averaging cyc les .  There is no d i s t o r t i o n  c rea ted  i f  the 

delay between pulses  is  s u f f i c i e n t l y  long t o  allow v i r t u a l l y  complete re- 

l axa t ion  of the d is turbance  c rea ted  by the  pulses .  

This  da t a  can then be 

In t h e  present  system two means of operat ing on the  da t a  

The d a t a  are averaged by taking s e v e r a l  measurements a t  the  

Both of the  opera t ions  a r e  opt iona l .  The 

The second method improves 

the  signal-to-noise r a t i o  as t h e  square r o o t  of the  number of values  over 

which each poin t  is ca l cu la t ed .  D i s t o r t i o n  w i l l  be  introduced i f  the  order  of 

the  polynomial used t o  f i t  t he  da t a  is  too s m a l l  t o  adequately r ep resen t  the  

segment of t he  curve being f i t ,  T e s t  computations i n d i c a t e  t h a t  a n ine  poin t  

q u a r t i c  smooth w i l l  in t roduce no measurable d i s t o r t i o n  with da t a  po in t s  spaced 

10 m i l l i v o l t s  apa r t .  The two above methods a f f e c t  t h e  signal-to-noise ra t io  

y s o  t h a t  t h e  add i t ion  of the  n ine  po in t  smoothing algori thm 

should have the  same a f f e c t  on the  signal-to-noise r a t i o  as mult iplying the  

number of averaging cyc les  by mine. Figure 8 demonstrates t h e  e f f i cacy  of 
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these  noise  reduct ion techniques,  

Figure 8b shows t h e  e f f e c t  of averaging over n ine  cycles  while,  i n  

Figure &c, P;he nine poin t  smoothing rout ine  is used. The two curves show 

roughly t h e  same reduct ion i n  noise .  Figure 8d is the  r e s u l t  of applying 

both techniques,  The o i s e  is v i r t u a l l y  eliminated. 

I n  Figure 8a a raw cuEve is shown. 

The experimental r e s u l t s  i n d i c a t e  t h a t  through the  use of an on-line 

computer a s i g n i f i c a n t  increase  i n  the s e n s i t i v i t y  of pulse  polarography 

can be a t ta ined .  P a r t i c u l a r l y  important t o  t h i s  increase  are t he  techni- 

ques of s i g n a l  averaging and d a t a  smoothing and the  a b i l i t y  t o  vary experi-  

mental parameters r e a d i l y a v e r  a w&& 



Legends f o r  f igures :  

e 1: System block diagram 

gure 2: Program block diagram 

Figure 3: ~ e r ~ v a t i v e  pulse  polarogram of 4 x M Cd*, 5 x IOe4 M KNO3 0 

2 20 cyc le  average without smo0thing.A = .0414 cm 

Pulse  he ight  = 50 mv. 

Voltage wave form for d e r i v a t i v e  mode,pulse polarography. 

Der iva t ive  pulse  polarograms of 4 x 10 

Pulse  width 5 20 ms. Delay = 200 m s .  

e 4: 

Figure 5: 
-5 

M Cd*, .5 M KNO3. 

2 5 cyc le  average without smoothing. A = .0414 c m  . 
Pulse  he ight  = 20,40,60,80,100,120,140s160 mv. 

e width = 20 m s ,  Delay = 200 ms. 

Figure 6: Der iva t ive  pulse  polarogram of 4 x loe6 M Cd*, .05 M mO3. 

5 cycle  average without smoothing. A = .0414 cm 

Pulse  he ight  = 50 mv. Pulse  width,  deZay - 10,100 m s ;  

20,200 m s ;  50,500 m s .  

Derivat ive pulse  polarpgram of 4 x los6 M Cd*, .05 M KNO3. 

5 cyc le  average without smoothing. A = ,0414 an . 
Pulse  height  = 50 mv. 

2 

Figure 7:  

2 

Pulse  width = 10 m s .  Deday = 100,200 m s .  

Figure 8: DeKiva t i~@ pulse  polarograms of 4 x lo-’ M Cd*, .5 M KNo3. 

= 50 mv. Pulse  width = 20 m s o  D 

(a)  no smoothing, average x 1 

(c)  9-pt smooth, average x 1 

(b) no smoothing, average x 9 

(d) 9-pt smooth, average x 9 



TABLE I 

Concentration (M) 

4 
-6 

-7 
4 x 10 

4 x 10 

4 x 

Peak height (pa) 

57. 

7.4 

0.92 

0.31 
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Appendix I: Mota 

of electrons ansfesred per mole of reactant 

diffusion coefficient of reactant 

Dp = diffusion coefficient of product 

Ca ba Cp = concentrations 

cr0 61 Cpo = conce ions at t = 0 ,  x = 0 

B = exp (nF/RT AE) 

AE = pulse heighe 

yo = exp[nF/RT ( E i  - Eo) ] 
E i  = potential prior to application of pulse 

Eo = formal standard potential of electrode reaction 

Xo = k,Dr -4 exp[- anF/RT (Ei - Eo)] 
X = Xo exp(-anF/RT AE) 

ks = formal standard heterogeneous rate constant 
2 

erfc(x) = 1 - erf(x) where erf(x) = 2/n. 6 

0 

i$ x -t e dt 

ent at t = 0 

Q = ks exp [anF/RT ( E i  - Eo)] IDr-’ + V a s 4  exp[nF/RT .(Ei’- Eo)] 

1-1 = X{1 + 6-l exp[nF/RT (E - Eo)]) 



Appendix I1 

Derivat ion of Curve Shape f o r  Der iva t ive  Mode Pulse  Polarography 
a t  a S t a t i o n a r y  Elec t rode  

From Delahay 23 

2 
i = nFAC:hoD$eQ 'erfc(QT') 

From Fickas d i f f u s i o n  equat ion,  a f t e r  LaplLce t ransformation and 

using semi - in f in i t e  l i n e a r  d i f f u s i o n ,  

- 
The new v a r i a b l e ,  a ,  is an undetermined c o e f f i c i e n t .  Therefore ,  

and 

However, us ing  equat ion A I 9  

Combining equat ions  A 4  and A 5  y i e l d s  



Substituting A6 into A 3  and A 4  and inverting the transform gives 

and 

S imilarly 

2 
Cr(O,T) = Co r - C O A  r O  Qllfl - eo yerfc(QT')] 

and 

(A71 

Now, assume that the concentration gradients are linear and 

can be represented by 

cr = c o  + CIX (Alla) 

and cp = c; + cix (Allb) 

Once again, solving Fick's equation in Laplace space yields 

= s(co 1 -t clx) + r 



So t h a t  

and 

- cr(o,s)  = co /s  + 5 

Simi la r ly  

and 

24 S u b s t i t u t i n g  i n t o  t h e  abso lu te  r a t e  theory expression 

r I - I Cp(O,s)exp[g(E - E o j }  

c J 

Note t h a t  

- 
i = nFADr(dCr/ax) x=o 

Assume equal  and opposi te  f luxes23 and use equat ions A14 and A 1 6  

w i t h  appropr i a t e  manipulation t o  give 

S u b s t i t u t e  equat ions A l 3 @  A l 5 ,  and A19 i n t o  A17 and A14 i n t o  A 1 8 ;  

equate c u r r e n t s  t o  g e t  



= nFADr(cl/s - T l / a r )  

Solve for 6 using (see Appendix I), 

1 
1 cp; + h (ceDD" Z P  + -)exp[g(E-Eog d 

Using equations A18, A 1 4 ,  and A21 and inverting the transform 

2 1 - clelU terfc(pt") 

+ g[cO h - cb exp 
D; 

(A221 1 E 1 
Q +-g+)[1 - e terf c (,ut2)] exp[ %( E-Eo)] 

Replacing cos  cbB cl, and c i  with the values given by equations 

A 7 ,  A9, A8, and A10 and subtracting AI gives 

nF 0 

) X  
5 0  40 -1,RT ---(E-E ) 

Ai = nFADpCrb[l - ~ ( 1  + 8 



Equation A23 is the general  express ion  for a pulse  app l i ed  

a f t e r  a s t e p ,  using the  approximation of l i n e a r  concen- 

t r a t i o n  g rad ien t s ,  The l i m i t i n g  case of a t o t a l l y  i r r e v e r s i b l e  

r e a c t i o n  may be obtained from the  fol lowing l i m i t s t  

The l i m i t i n g  case of a t o t a l l y  r e v e r s i b l e  r e a c t i o n  can be 

obtained by t ak ing  ks+mo Then f i - 3 ' 0 0 ,  AX-,@ and 

The r e s u l t  is 

Ai = 

I n  t h e  above d e r i v a t i o n  an electrochemical  reduct ion  has 

been assumed and t h e  i n i t i a l  concent ra t ion  o f  t he  product was 

z e r o e  In t h e  r e v e r s i b l e  case the  i n i t i a l  concent ra t ion  o f  t h e  

product may be non-zero and t h e  requirement of l i n e a r i t y  o f  t h e  

concent ra t ion  g rad ien t  may be r e l axeds  
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APPENDIX I1 

se ~ o ~ a ~ o g ~ ~ p h y  P 



PULSE 
By €I. E. Kel le r  

Suly 24, 1970 

I. Purpose 

e pulse  polarography program is designed t o  produce the  vol tage 

waveforms requi red ,  c o l l e c t  appropr ia te  d a t a ,  and analyze the  da t a  

co l l ec t ed .  There are a l a rge  number of parameters and opt ions  i n  

the  program. This r epor t  expla ins  t h e i r  use.  

1%. Waveforms and Hardware 

TWO output waveforms a r e  ava i l ab le  i n  the  present  program. 

f o r  opera t ing  i n  the  normal or  i n t e g r a l  mode. 

i n  de r iva t ive  mode pulse  polarography. The f i r s t  waveform c o n s i s t s  

of a sequence of pu lses  from a zero base l i n e .  A pulse  of a given 

he ight  i s  repeated i f  averaging of more than/value is des i r ed .  

average number is  input  on the  t e l e type  when requested.  After  the  

r e q u i s i t e  number of dup l i ca t e  pulses  have been output ,  t he  magnitude 

of the  pulse  he igh t  is increased by a parameter c a l l e d  increment 

( s t e p  h e i g h t ) .  This sequence cont inues u n t i l  the  p u l s e  he igh t  

reaches the  value of the  range. The experiment i s  then complete. 

The width of the  pulses  i s  input  as t he  pulse width,  while the  time 

from the  end of one pulse  t o  the  beginning of the  next i s  the  

delay time. 

One i s  

The o ther  is used 

OWW 
The 

Note t h a t  cu r ren t  measurements a r e  made p r i o r  t o  and a t  t he  end of 

each pulse  and t h a t  a f t e r  the  l a t t e r  cu r ren t  measurement the  

drop knocker, i f  connected, is ac t iva t ed .  

I n  the  de r iva t ive  mode the  pulses  a r e  of constant  he ight ,  the  

and appear on a s t a i r c a s e  base l i n e .  The height  of 

the  base l i n e  is  the  he ight .  All o the r  parameters 

same meaning. The experiment is complete when the  

n i tude  is equal t o  the  range. 
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ardware required t o  operate  the  pulse  polarography p 

c o n s i s t s  of a normal po tea t io s t a t - cu r ren t  measuring system with 

a few minor modif icat ions.  The p o t e n t i o s t a t  input r e s i s t o r  from 

t h e  D/A converter  should be va r i ab le  to  d iv ide  down the  D/A output  

vol tage.  

D/A r e s i s t o r  w i l l  r e s u l t  i n  d iv id ing  the  10 v o l t  range of the  D/A 

converter  t o  a 2 v o l t  p o t e n t i o s t a t  range, an 

f a c t o r  of 5. 

I f  the  vol tage fol lower input  r e s i s t o r  i s  10K, then a 50K 

d i v  i s ion  

One f u r t h e r  change is  necessary.  

from 0 t o  -10 v o l t s .  This output must  be inverted f o r  anodic scans.  

I n  addi t ion ,  the  program i s  designed to accept  posi t ive-going cur ren t  

s i g n a l s .  Therefore,  i f  a cu r ren t  follower is  used, the  output  must  

be inverted when using cathodic  scans. 

The D/A on our PDP-8/1 outputs  

1x1 .  Loading the  Program 

The program can be loaded e i t h e r  from the  d i s k  o r  from tape .  

e i t h e r  event ,  the  f l o a t i n g  poin t  package mus t  a l s o  be loaded. This 

package i s  usual ly  on the  d i sk ,  but may a l s o  be obtained on paper 

tape.  

which r equ i r e s  use of t he  d i sk  monitor system. 

In  

The prefer red  method of loading i s  use of  the  d i s k  loader  

e d i s k  monitor, load 7500 i n  the  switch r e g i s t e r s ,  

p re s s  "stop," p re s s  "load add,", p ress"s ta r t . "  A period w i l l  appear 

on the  t e l e type .  Type LOAD followed by a ca r r i age  r e tu rn .  The 

computer w i l l  p r i n t  IN-. 
type followed by a ca r r i age  r e tu rn .  FFP2 i s  the  present  

name of t h e  f l o a t i n g  po in t  package, bu t  i t  may chenge i n  the  near  

fu tu re .  I f  y wish t o  load the  program from tape,  type S:FFP2,R:, 
The tape should be mounted i n  t h e  high speed reader .  

read fewice. 

lines s ign i fy ing  t e legit imacy of t he  i ~ p u t  f i l e s  and then type 

q_ OPT-. 

I f  the  program i s  on the  d i s k  (named BB4) 

It w i l l  be 

Next t h e  computer w i l l  type one a s t e r i s k  on each of two 

Type 2 ind ica t ing  a two-pass load i s  des i red .  The computer 

e __ls STS; you type 200 followed by a ca r r i age  r e tu rn .  Now 

11 &ppear. Respond t o  each up arrow ( there  w i l l  be 
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s i x )  by typing con t ro l  P. 
a r e  using tape  input^ t o  re load the tape.  

Pause a f t e r  the  tape is  

t e r s  and Options 

Once the  program is s t a r t e d ,  e i t h e r  by loading o r  through t 

t o  loca t ion  200, it w i l l  make a series of i n q u i r i e s  t o  determine 

the experimental parameters t h a t  t he  use wants f o r  the next  experi-  

ment. Host of t he  parameters correspond t o  switches on the  switch 

r e g i s t e r  so t h a t  l a t e r  changes can be made se l ec t ive ly .  A l l  t imes 

a r e  i n  mil l iseconds,  a l l  p o t e n t i a l s  in v o l t s ,  and a l l  cu r ren t s  i n  
microamps. A l l  numerical e n t r i e s  a re  made i n  standard f l o a t i n g  

format . 

e f i r s t  parameter requested is t h e  clock cycle  o r  period. Its 
exac t  value can be determined through a clook c a l i b r a t i o n  program 

ava i l ab le  separa te ly .  There is no corresponding r e g i s t e r  switch.  

Next, the output vo l tage  d iv i s ion  f a c t o r  is  asked for. This parameter 

is  described i n  sec t ion  I1 and sets the  maximum vol tage range a v a i l -  

ab le .  This parameter corresponds t o  switch 0 .  

The computer then asks f o r  t h e  experiment type.  The l e t t e r  N 
i nd ica t e s  normal, D i s  f o r  de r iva t ive  (see sec t ion  II), while 0 

stands f o r  d i f f e rence  mode. In t h i s  l a s t  mode, a normal (N) experi-  

ment i s  run, but d i f f e rences  between successive da ta  poin ts  a r e  

output ins tead  of the  da t a  po in t s  themselves. Use switch 1 fo r  t h i s  

Switch 2 corresponds t o  the  th ree  parameters i n  the  next quest ion,  the 

cur ren t  measuring r e s i s t o r  ( \ ) >  t he  vol tage  scan range, and the  

vol tage increment. 

output t o  the  A/D converter  and the cu r ren t  through the  s e l l .  

o a r e  explained i n  Section II. 

The f i r s t  of these i s  the  r a t i o  of t h e  vol tage 

The 

The value of the  cur ren t  
measuring r e s i s t o r  i s  used t o  compute the  f u l l  s ca l e  cur ren t  on the  
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he D mode, t 

t described i n  Section PI, Next: t he  

g up the  p lo  t e r  the  pen is next moved 

t o  the upper r i g h t  and lower l e f t  corners .  

per  r i g h t ) ,  en the va r i ab le  gain ( v e ~ i @ r ~  is 

tch 5 con t ro l s  t h i s  oper cion. Switch 6 

the  t i c k  marks. The t i c k  mark spacing is requested,  

The D/A i s  now s e t  t o  ae o v o l t s  and per iodic  pulses  of i n t e r v a l  

he delay t i m e  a r e  provtded t o  the  drop knocker. Thus 

1 p o t e n t i a l  may be set and proper operat ion of the  drop 

cer ta ined .  These opera t ions  a r e  indicated with switch 7 .  

The f i n a l  values  input  a r e  cont ro l led  by no switch and so must  be 

input  f o r  every experiment. These a r e  the  p l o t t e r  ver t ical  s c a l e  

f a c t o r ,  the  p l o t t e r  v e r t i c a l  b i a s ,  and the average number. The 

f i r s t  of these  is  simply an i n t e r n a l  d i g i t a l  mu l t ip l i e r  while t h e  

second is  an i n t e r n a l  d i g i t a l  add i t ive  term. They allow the  p lo t t ed  

curve t o  be expanded and mowed up o r  down t o  increase s e n s i t i v i t y  

ress the base l i nes .  meters a r e  a l s o  s i g n i f i c a n t  

t o  the peak determin t i o n  rout ine.  

e ~ v e r a ~ e  number is t h e  number of times pulses  a r e  repe 

e responses are s 

After  the run is complete, the  program asks if p r in tou t  ( i n  micro- 

s) of the  curve is desired.  I f  ~ n ~ w e r e d  yes ,  t he  comp 

e t o  a lime. Should the  use r  w i s h  t o  d i s -  

i n t ing ,  he need only set switch 1 Next, t he  p r o ~ r a m  

output s m o o t h e ~ ~ u s i n g  a nine 

e Should the  r ep ly  be aff i rma 
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aper is  assumed t o  be i n  the  p l o t t e r  so t h a t  

Each po in t  i s  then pr in ted  and p l o t t e d  begi 

the f i f t h  poin t .  I f  s i t c h  11 i s  s e t ,  p r i n t i n g  Ps supp 

the  user  i s  asked whethe he wishes a peak determination scan 

t o  be made. I n  t h i s ,  the  program rejects any peak less th 

f i f t h  of t he  p l o t t e r  s c a l e  . Therefore i t  considers  

the  b i a s  and s c a l e  f a c t o r  i n  t h i s  re jec tZion  f ea tu re  a l t  

they do no t  appear i n  the  p r in t ed  value f o r  peak he ight  ( i n  micro- 

e peak pos i t i on  is displayed i n  v o l t s  assuming the  

i n i t i a l  p o t e n t i a l  t o  be aero.  

The experiment and da ta  evaluat ion now complete, the  next  question 

i s  whether t o  repea t .  I f  the  response i s  yes ,  then only the  s c a l e  

f a c t o r ,  b i a s ,  and average number mag. be changed, 

no, then the  switches may be s e t  t o  i n d i c a t e  add i t iona l  changes 

t o  be made. 

I f  the  rep ly  is 

V. Experiment Setup 

No p a r t i c u l a r  p o t e n t i o s t a t  system w i l l  be assumed here .  It i s  

necessary t o  be ab le  t o  pre-bias  the  c e l l  con t ro l  vo l tage ,  t o  d iv ide  

the  D/A output  before  i t  reaches the  cel l ,  and t o  provide a vol tage 

i n  the  range - 5  t o  +5 v o l t s  propor t iona l  t o  the  cu r ren t .  

The p o t e n t i o s t a t  i s  con ec ted  t o  the  c e l l ,  the  D/ (6054) connected 

through an appropr ia te  d iv id ing  sys em t o  the  E-control input  of 

the  p o t e n t i o s t a t ,  nd the  I-cell output of the  p o t e n t i o s t a t  joined 

to  the  A/D converter  input .  

and the  p l o t t e r  Connected properly.  

The clock must be i n  the  "op" pos i t i on  

I f  the  drop knocker i s  t o  be used, the  clock pulse  output should 

be jumpered t o  the  solenoid con t ro l  connector.  The drop knocker 

ched t o  "solenoid ou 

VI4 The Program 

In  order  t o  r ea  and u n d e ~ s t a ~ d  the  program, 

a r e  required.  , the  i n s t r u c t i o  



ADBR 

DAl 

DA2 

DA3 
ENSOL 

DISO 

Octal 

6701 
6702 
6 704 

~ 

6504 
6712 
6714 
6311 

6312 
6531 

6532 

6534 
6501 
6502 
6503 
6772 
6774 

Direct c l e a r  holding r e g i s t e r .  

Strobe AC i n t o  holding re 
log ica l  or )  holding r e g i s t e  

Clear clock counter. 

S t a r t  clock. 

Stop clock. 

Skip on clock f l ag .  

Clear clock f l ag .  

Skip on AID f l a g .  

Sample, hold,  and begin A/D convert. 

Read A/D r e g i s t e r  i n t o  AC and c l e a r  f l ag .  

Strobe AC t o  D/A # l .  

Strobe AC t o  D/A 12 
Strobe AC t o  D/A #3. 

Enable solenoid (drop knocker) 

Disable solenoid.  

The remaining on-I/O) mnemonics were i n s t i t u t e d  t o  make the 

program shor te  o read,  and e a s i e  to t r a n s l a t e  t o  another 

m a ~ ~ i n e .  They a r e  described i n  the  following tab le :  

Mnemonic Comen t s 

CALL JMS 1 4400 Used t o  c a l l  a subroutine.  

RET II 5400 Used to r e t u r n  from a subroutine.  

JMS I 7 4407 Enter f loa t ing  poin t  package. 
...I--.- 0000 Leave f l o a t i n g  poin t  mode. 

45 3045 

TAD 45 1045 Used aitelr FIX command. 

Additional f l o a t i n g  point  package i n t e r p r e t e r  mnemonics a r e  



ocumentation. 

tely discribed in assembler manual. 

The ~~0~~~~ is organi ed so that the cont rarameter input 

and the actual r ning of the experime f are done by the main 

routines for message writing, timing, 
d various computational and pos -execution operations. 

grams are mnemonicall named, and should not require 

ation of their operation. 



S ~ ~ i r ~ a ~ ~  Volt try Program 



e voltage waveform 

rough appropriate potentio- 

se of the chemical system 
of the experiment are 

ersus applied voltage. 

oltammetry' to be performed. 

The results of owe complete voltage cycle are output. 

'L. Ramaley and rause, Jr., Anal e ,  41, 1362 (1969). 

ed consists of a potentiostat with vari- 
current-to-voltage transducer 

voltage (control voltage) will always be 
ill begin in the negative direction. 

Therefore, provision and biasing this voltage are essen- 

ned. The output from the 

+5 volts in order to eliminate 
clipping. 

between user and 

computer ensues. uestions posed to the 

s are numbered to correspond 

etion of an experiment, the 
exp?" If the answer 

eated, Shoul 

to "set switches for 



sets the console switches 

y those statem@mts 
the computer. 

included. Most of the 

e following notes describe 

trol pot@ntial 

RM: rent follower. 

uter provides this information 
ated, Notice that the scale 

tical plot scale. 

a ~ e t r y ,  Sa square wave voltamnetry. 

Range : e cell (after attenuation). 

Step HT: Size of 

T: Used only w mode S, size of pulse added to step during 
first half of s tep .  

ing of step when current measurement 
step w i ~ t h  in mode N, one-half step 

6r Y full 868 Q upper righ 

o lower left C O K I P ~ ~  using 

at desired intervals. 

h i s  number before 

om of the plotter. is 
e zero up (or 

is illegally 
messages signal excessive 
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egal  experiment type,  and measuring time too  l a rge .  i l e  

e e x p e r h e n %  is running, some messages may a l s o  be emit ted,  If any 

ressed (and the  t e l e type  is on), the  experiment 

and the  message "in%errupted'* typed, I f  t he  experi-  

for the  A/D converter ,  t he  message "too 

Should e i t h e r  of these  two cases  a r i s e  o r  i f  the  f a s t "  is typed, 

is completed normaPPy, '' o you wish t o  r epea t   ex^?'^ is typed. 

tage and curren% Val e6 a t  each poin t  w i l l  be p r in t ed  i f  

switch 11 i s  no t  set before the  comp e t i o n  of the  experiment. As soon 

as i t  i s  set ,  p r i n t i n g  cease,  Switch 10 will cause punching of 

those numbers on the  high speed 

If an ~ n ~ u t  

p l o t t e d ,  

o t he  A/D converter  is out  o f  range, no poin t  w i l l  be 

S imi la r ly ,  i f  a po in t  would be p l o t t e d  below the  bottom of 

s suppressed. No attempt is  made t o  d i s t ingu i sh  between 

rd and reverse  scans on the  p l o t t e r .  

After  a l l  of t h e  necessary paramete s a r e  read i n ,  converted t o  usable 

va lues ,  and, i n  some cases  put  i n t o  f ixed form, the  i n t e r r u p t  i s  turned 

on and the  experiment begum. 

a number o f  i n i t i s l l i z  Location 11 (an auto-index 

inning of s torage  minus one. 

J u s t  p r i o r  t o  beginning the  experiment, 

n i n t o  which a (raw) cu r ren t  

i n i t i a l i z e d  and holds  the  

Hence, the  content  of loca t ion  If 
i l e  12 i s  the  p l o t  po in t e r .  A l l  

re c leared .  The timing sequence 

i n i t i a l i z e d .  Various 

$095 t i c k s  are re- 
quired f o r  the  s set t o  zero,  giving the  m x -  

mum of 4096 e clock counter i s  
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e D/A3 (control  p o t e n t i ~ l 1  

e clock star ed. A t  t h i s  poin 

e the r  a poin t  

s t o r e  and p l o t  po in te rs ,  

point  may be p lo t ted  

upt occurs and the clock 

P t o  the  i n t e r r ~ p t  handler 

v i a  loca t ion  1, in loca t ion  0 .  "he 

i s  saving i s  done here  

o save space i n  the e It would be ePf i c i en t  t o  save the  AC 

performed t o  determine 

highest  p r i o r i t y t  

I f  the i n t e r r u  (c is from the t e l e type  keyboard, t h e  experiment is 
% e r ~ ~ p t e d  and t e program recycled,  A message is pr in ted .  

her  than c loc  lD, or keyboard occurs,  a l l  f l a g s  

ehat could have caused it a r e  reset and %he experiment continues,  

If t h e  interr the A/D converter ,  then the number is 

by the  incremented 

ode 5) i t  is held 

1 and the r e s t o r e  

sequence per 

i s  made t o  see i f  the  

many i n t e r r u p t s  a8 the 

l is not complete, 
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he A/D converter .  

d the  program recycled.  f l a g  (AFLAG) 
for  the  t h i r d  timing 

ted and the  clock s e t  

e r e s t o r e  sequence i s  

A t  the  end of 1 (possibly i d e n t i c a l  with the  

on i s  made of the  mode. I f  the mode is N, then 

new vol tage is  output through 

g i n t e r v a l  and the  r e s t o r e  sequence 

Ped i n  the  same way a s  the  f i r s t  

s f l a g  determins the ac t ion  of the 

A t  the i n t e ~ ~ u p t  from the  East t iming i n t e r v a l ,  the t iming sequence 

poin ter  i s  r e s e t ,  and a t e e  e fo r  the  end of t he  sweep. I f  the  

e D/A hold in^ r e g i s t e r s  a r e  incremented, a new 

s e t t i n g  is made, and the  

the f i r s t  sweep is  detected 

sweep and the t e s t  fo r  the  

e g i s t e r s  de t e r -  

ped. f n  e i t h e r  

f the po in t s  have been 

t h i s  point  smoothing and 

ed) a r e  made ava i l ab le .  



ng. Several @ntire 

e  be^ of runs i s  

is  greater than one, 

runs in  milli- 
es the clock 
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Figure 3: 

Figure 4: 

Figure 7: 

P 

VS, sweep rate 

2 

vss sla(III)/Al 
vs. Al(III)/Al 

~ i f f ~ ~ e ~ t ~ a ~  capacity using a W electrode i n  NaAlC14 
VS. ~ ~ ~ ~ i e a  Potential 

Tempe e = 200 c 

X 

a tota l ly  ionized m e l t  

~ 1 , ) -  (mole fraction scale) 



B C14) a t  200OC 

Figure 9: Diff c ~ r ~ e n t o v s  Ag (I ) concentration 

2 de area  - 0.817 nrm 

h Ag (I) concentration 

2 

lope = 8.08778 (1111~07) 

Temperature = 2 0 0 ' ~  
d i c a t o r  e lec t rode  area = 0.817 mm 
st s lope  (rial) = 0.09388 v o l t s  

Figure 11: p l o t  at  200°C f o r  t he  cel l  
C14//  Pb(I1) i n  Na41C14/Pb 

The concentration scale is based on a t o t a l l y  ionized m e l t  

( A ~ c I ~ ) - ,  (mole f r a c t i o n  sca l e )  

Na(A1C14) a t  200'6 

Figure 13: Cathodic peak 
Mole f r a c t i o  

era 
aic 



Figure 15: Q u e s t ~ o ~ s  and swers for Pulse Polarography 

0.20m Bb (IT)  ep height = 10 mv 

Figure 20: Stai se Voltammetry 
Cd(I1) 

0.2OmM Pb(I1) 
0,5M KN03 Step height = 10 mv 

Step width * 25 m s  
Measure t i m e  = 25 m s  

Average x5 

: Square wave voltammetry 
0,18mM Cd(I1) 
0.20mM Pb(I1) 
0,5M KNOs Step height = 10 mv 

Step width = 50 m s  
Measure tame 5 25 m s  

Pulse height = 50 mv 
Average x5 
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Input clock cycle i n  udlliseconds 

.I 
input: o ~ t p u t  vo l t  div fact  

D for deriv 
Q for spec 
D 
input R(M) i n  OHMS 

Range and incr i n  vol ts  

l$$0~ 
.6 ,  .Q1 
f u l l  scale  current is +$.1000888E+84 microamps 
input: pulse ht i n  vo l t s  

* 05 
input:dly T & pulse W in  rdlsec 

250,25 
set X and Y f u l l  scale  

press key 
set X and Y to  caPib 

press key 

input: x se mks i n  volts 
Y SC mks in mcamps 

set i n i t  pdr and ck drop knocker 

press key 
input: sca le  factor, 1 bias,  & ave no 

1$,0,5 



Input: clock cycle  i n  mil l iseconds 

.1 
input:  output v o l t  d iv  f a c t  

6.187 

1888 
f u l l  scale cur ren t  is@ e 18~8Q~QE+O5 microamps 

input :  type of exp, N or S 

S 

input :  range i n  v o l t s  

.6 

input:  s t e p  ht i n  v o l t s  

* 01 
input:  pu lse  h t  i n  v o l t s  

e 05 
input:  s t e p  width, m e a s  t i m e  i n  mlsec 

5(8,20 
set X&Y f u l l  scale 
press  key 

set X&Y t o  zero 

press  key 

input :  X se mks i n  v o l t s ,  Y sc  mks i n  mcamps 
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Figure 16, 
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